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Abstract

A first-of-its kind hydrogen fuel cell power generator for marine applications was
designed, built, and demonstrated to verify increased energy efficiency at part loads
and reduced emissions. The project goals were to demonstrate the use of the generator
in the maritime environment, identify areas requiring additional research and
development, analyze the business case, and address regulatory and other market
barriers.

A 100 kW generator with 72 kg of hydrogen storage was designed and built by
Hydrogenics with safety and regulatory reviews by the Hydrogen Safety Panel, US
Coast Guard, and American Bureau of Shipping. Young Brothers operated the
generator for 10 months powering refrigerated containers in Honolulu, HI.

The project showed it is possible to increase energy efficiency by up to 30% at part
load and reduce emissions to zero through the use of hydrogen fuel cells, and
identified paths forward to wider adoption of the technology in this sector.
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Executive Summary

Fuel costs and emissions in maritime ports are an opportunity for transportation energy efficiency
improvement and emissions reduction efforts. Ocean-going vessels (OGVs), harbor craft, and cargo
handling equipment are still major contributors to air pollution in and around ports. Diesel engine costs
continually increase as tighter criteria pollutant regulations come into effect and will continue to do so
with expected introduction of carbon emission regulations. Diesel fuel costs will also continue to rise as
requirements for cleaner fuels are imposed. Both aspects will increase the cost of diesel-based power
generation on the vessel and on shore.

Hydrogen fuel cells have a long track record of supplying efficient, clean power for a wide range of
applications, including forklifts, emergency backup systems, and vehicles. They have the potential to
meet the electrical demands of vessels in the port as well as supply power for other port uses such as
yard trucks, forklifts and other material handling specialty equipment, and refrigerated containers
(reefers). Hydrogen fuel cells produce zero emissions at the point of use. They have inherent energy
efficiency advantages from both an overall efficiency standpoint (Carnot Law) and at part loads due to
the diverging efficiency characteristics of fuel cells and diesel engines as load is reduced. These
characteristics reduce the overall amount of fuel needed for power production when diesel engine
generators operate at part load (as is typically the case).

Although fuel cells have been used in many successful applications, they have not been technically or
commercially validated in the port environment. One opportunity to do so was identified in Honolulu
Harbor at the Young Brothers Ltd. (YB) wharf. At this facility, barges sail regularly to and from neighbor
islands and containerized diesel generators provide power for the reefers while on the dock and on the
barge during transport, nearly always at part load. Due to inherent efficiency characteristics of fuel cells
and diesel generators, switching to a hydrogen fuel cell power generator was found to have potential
emissions and cost savings.

Based on this potential benefit, Young Brothers agreed to host a hydrogen fuel cell generator and utilize
it in the same way they use their existing diesel generators, powering reefers on the dock and on
interisland barges. The project benefits outside of Young Brothers include the lowering of technological
and business risk for future adopters of the technology by demonstrating the satisfactory use of the
generator in the port environment and by feeding back to the DOE R&D programs, analyzing the real-
world business case, as well as addressing regulatory and other market barriers to widespread adoption.

The first-of-its-kind generator (Figure ES-1) was designed and built by project partner Hydrogenics to the
technical specifications determined jointly by the project team. It consists of a 20-foot ISO standard “hi-
cube” shipping container and contains the proton exchange membrane fuel cell rack, power inverter,
ultracapacitors for short term transient loading, cooling system, hydrogen storage, and system
controller and data acquisition equipment. The system contains 72 kg of hydrogen at 350 bar and has a
rated power of 100 kW, 240 VAC 3-phase, which can be divided among 10 plugs to power up to 10
reefers at a time. The design of the generator was reviewed by the US Coast Guard, American Bureau of
Shipping, and the Hydrogen Safety Panel to ensure safety and compliance with regulations.
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Figure ES-1: The maritime fuel cell generator, with integrated hydrogen storage, PEM fuel cell power generation, and power
inverter equipment can power up to 10 reefers with a total rated output of 100 kW at 240 VAC.

Prior to demonstration of the generator at the site, the project team performed on-site technical and
safety assessments of the Young Brothers operation to develop site-specific operational safety
requirements, operational instructions and procedures for operation and fueling, and emergency
response procedures. Project partner Pacific Northwest National Laboratories conducted on-site
training on hydrogen familiarity (for employees) and emergency response (for local first responders).

An important accomplishment of this project was the bringing together of relevant regulatory entities
and public safety stakeholders to ensure compliance with regulatory intent in the absence of specific
regulations or codes governing the design and use of the generator in a maritime environment (at the
port or on the barge). Many of these entities were exposed to the details of hydrogen and fuel cell
technology for the first time, but the collaborative approach and efforts of all project partners using
their various strengths to interact with these stakeholders led to immediate adoption and use of the
generator by the deployment host once it arrived on site.

The generator began operation in August, 2015 with on-site commissioning. The commissioning process
identified several technical issues with the generator that were corrected during the month of August,
and once complete, the generator was handed over to Young Brothers for full use.

The generator was filled with hydrogen provided by Hickam Air Force Base without charge, with project
partner Hawaii Center for Advanced Transportation Technologies (HCATT) as the prime contractor of the
Hickam hydrogen station. When fueling was needed, the generator was loaded onto a chassis (wheeled
frame trailer) and trucked to Hickam, about 7 miles from Young Brothers, where the station operator
would perform the fill in about 20-30 minutes. The generator was trucked back to Young Brothers and
off-loaded for continued use. Each of the eight fills during the deployment period was conducted
smoothly and without any problems, dispensing a total of 428 kg into the generator.



From the period of August, 2015 to June, 2016 the generator was used by Young Brothers on 52
different days for a total of 278 hours. It averaged 29.4 kW (gross) during this period for a total energy
generation output of 7,285 kWhr and achieved a 5-minute continuous peak power of 91.3 kW (gross).
Its net energy efficiency ranged from 36% to 54% over the load range of 16% to 62%. By comparison,
the net efficiency of a comparable diesel generator efficiency is from 25% to 34% in this same load
range. Using no diesel fuel and producing zero emissions at the point of use, during the demonstration
period the fuel cell generator displaced 865 gallons of diesel fuel, over 16 MT of CO, emissions, and
avoided nearly 150 combined kilograms of criteria pollutants (NOx, CO, HC, PM, and SOx) as compared
to an existing Young Brothers 350 kW Tier 3 diesel generator.

The deployment experienced numerous technical issues with the generator that limited its use. The
primary technical issue during the deployment was an inconsistent startup which was attributed to a
communication problem between the overall system controller, inverter, and fuel cell rack. This in turn
led to problems with draining of the startup battery, and the overall result was many aborted attempted
starts and non-use until the problem could be identified and fixed. The generator’s fuel cells also
experienced higher-than-anticipated consumption of DI water, which was exacerbated by the high
ambient temperature along with a small DI water reservoir, causing the operators to have to fill the
reservoir more than expected. The consumption was within specification of the fuel cells and not a
serious issue, but nonetheless was an unanticipated inconvenience. The generator did not experience
any safety-related events and did not exhibit any serious signs of wear or deterioration in the seaport
environment. The technical lessons learned from the deployment will be used by the manufacturer to
modify this generator for subsequent testing as well as to improve next generation products.

One objective of this deployment was to gather “real-world” experience with operating hydrogen fuel
cell equipment. A flawlessly operating generator would likely have been integrated smoothly into the
existing Young Brothers operations. However the technical issues meant that time needed to be spent
by Young Brothers staff to assist in troubleshooting and performing minor maintenance. Many times,
Young Brothers staff was not available due to numerous other activities needed to maintain normal
operation of the facility. The testing revealed that a dedicated operator would have been needed to
maintain continuous operation of the generator because of its technical issues.

The capital and operating costs of the hydrogen fuel cell generator were determined for three cases: (1)
the deployment, (2) a notional deployment with full usage, and (3) a future deployment where fuel cell
and hydrogen costs have come down. These were compared to that of a diesel generator at current
costs of equipment and fuel. This presents a worst-case scenario for the fuel cell generator since
expected stricter emissions regulations and increase fossil fuel costs are expected in the future (e.g. a
doubling of today’s diesel fuel cost in 10 years®), the result being continually higher diesel equipment
and fuel costs as time goes on.

The analysis showed that even with fuel cell costs reaching the DOE target of $50/kW, the capital cost of
the generator system is projected to remain three-times higher than today’s comparable diesel

! U.S. Energy Information Administration, “Nominal Petroleum Prices : Transportation : Diesel Fuel, Reference,
AEO2017,” EIA Open Data — Intro, accessed April 2017. http://www.eia.gov/opendata/.


http://www.eia.gov/opendata

generator due to the balance of plant. Large portions of the balance of plant cost are the power
conditioning (inverter) and hydrogen storage tubes, where future cost reductions (to approximately 1/3
of today’s costs) are necessary to enable competitiveness. The analysis also revealed that fuel is the
major operating expense for these systems. While this demonstration enjoyed free fuel from the
Hickam station, that will not be the case in true commercial adoption. Today’s difference in hydrogen
costs (high) and diesel costs (low) is expected to significantly decrease in the future as hydrogen costs
decrease and diesel costs increase, but the current differential hinders the ability of today’s fuel cell
systems to achieve cost parity with today’s diesel systems.

As the first validation of a self-contained hydrogen fuel cell generator at a port, this project showed that
it is possible to reduce maritime-related emissions through the use of hydrogen fuel cells, and identified
paths forward to more widespread adoption of the technology in the marine sector. This includes not
only the use of a generator for reefer power but other applications as well. These include port
equipment, electrical resiliency against grid outages, auxiliary power for vessels, and vessel propulsion
power. Establishing hydrogen equipment usage at port also has the benefit of establishing a local
hydrogen infrastructure hub that can be leveraged to provide hydrogen for regional transportation uses.
Future usage of the generator by other hosts will continue to collect the information needed to
completely assess the business case as well as provide opportunity for continued development of the
technology.
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1 Project Description
This chapter gives an overview of the project, its partners, goal, method, and content of this report.

1.1 Overview
This project accomplished the development and deployment of a nominally 100 kW, integrated fuel cell
prototype for marine applications.

The benefits of this project include:

e Lowering the technology risk of future port fuel cell deployments by providing performance data
of H2-proton exchange membrane fuel cells (PEMFC) technology in this environment.

e Lowering the investment risk by providing a validated business case assessment for this and
future potential projects.

e Enabling easier permitting and acceptance of H2-Fuel Cell (H2-FC) technology in maritime
applications by assisting US Coast Guard (USCG) and maritime Class Societies (American Bureau
of Shipping) to develop and prove hydrogen and fuel cell codes and standards.

e Acting as a stepping stone to enable shipboard fuel cell deployments.

e Maintaining hydrogen fuel cell capability in the state of Hawaii in support of future fuel cell
electric vehicle (FCEV) rollout.

e Providing user experience with hydrogen and fuel cell technology in the maritime and port
sector, increasing the knowledge base and helping to establish a trained workforce.

e The potential for cost savings for the operator. It is estimated that replacement of six 300 kW
diesel generators with fuel cell systems could save from $100,000 to $600,000 (depending on
actual fuel costs) in diesel per year.

e The potential for emissions savings at the port. Under the same scenario as above, over
650,000 kg CO,, 3,300 kg NO,, 2,700 kg CO, 190 kg HC, 90 kg PM, and 14 kg SO, per year will be
avoided by using fuel cell generators instead of current technology resulting in an economic
benefit to society.

Although no fuel cells had been tested specifically at a port before, prior success with hydrogen fuel cell
demonstrations such as telecom backup power, mobile construction equipment, and industrial trucks,
including operation in the vicinity of the ocean, lowered the risk with regard to the technical viability of
fuel cells in this environment. Validation of the commercial value proposition of both the application
and the hydrogen supply infrastructure is the next step towards widespread use of hydrogen fuel cells in
the maritime environment. This is determined by meeting necessary equipment and operating costs
and customer expectations such as reliability, form and function..

1.2 Goal

The goal of this project was to:

Develop a fuel cell system for the marine environment that will reduce emissions and be a viable,
affordable, competitive alternative to diesel-based systems.
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1.3 Partners

This project brought together industry partners in this prototype development as a first step towards
eventual commercialization of the technology. To be successful, the project incorporated interested
industry and regulatory stakeholders: an end user, technology supplier and product integrator, and land-
and maritime-based safety and code authorities. Project costs were shared by the primary stakeholders
in the form of funds, in-kind contribution, and material/equipment either loaned or donated to the
project. Project partners and roles were:

e U.S. Department of Energy: sponsorship and steering

e U.S. Department of Transportation - Maritime Administration: sponsorship and steering,
facilitation of maritime relationships

e Sandia National Laboratories: management and coordination, hydrogen supply and systems,
safety and risk analyses, data collection and technical and business case assessment

e Young Brothers, Ltd. and Foss Maritime: Site host, prototype operation, routine maintenance

e Hydrogenics: Design, engineer, build, commission, and support the prototype generator

e Hawaii Natural Energy Institute: Facilitation with local hydrogen supply and logistics

e Hawaii Center for Advanced Transportation Technologies: Hydrogen provider

e U.S. Coast Guard: Review and acceptance of generator design and operation

e American Bureau of Shipping: Review and input of prototype design to maritime product
standards.

e Pacific Northwest National Laboratory: Prototype and project safety review by the Hydrogen
Safety Panel; provider of Hydrogen Emergency Response Training for First Responders

1.4 Approach

The project was divided into four phases:

Establishment and specification
Detailed design and engineering
Generator fabrication/site construction

i A

Deployment (on-site demonstration)

1.4.1 Phase 1: Establish Project Team and Define Generator Specifications
In Phase 1, the stakeholders were finalized and together determined the specifications and high-level
design features of the generator.

1.4.2 Phase 2: Design and Engineering of the Generator and the Site

In Phase 2, two parallel and connected engineering efforts were accomplished. The first effort, funded
jointly by DOE and MARAD, and utilizing industry cost-share, was design and engineering of the
prototype unit to meet the specifications determined in Phase 1. This included fuel cell system
selection, design of the thermal management system, selection of the hydrogen storage system and
interconnection methods, specification and integration of power conversion equipment, in-container
safety system design, container design, and integration of all components into the container. Generator
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design was reviewed by the Hydrogen Safety Panel, the U.S. Coast Guard, and the American Bureau of
Shipping.

In parallel, the site at Young Brothers was prepared to receive the demonstration unit. This activity
included hydrogen supply logistics, site permitting and safety analyses and acceptance, and preparations
for operations and maintenance. Phase 2 also included development of a data collection and analysis
plan.

1.4.3 Phase 3: Generator Fabrication and Site Preparation
Using the design from Phase 2, the generator was fabricated at Hydrogenics’ manufacturing facility,
factory tested, and sent to YB for deployment.

In parallel, the site preparation and hydrogen supply activities were completed. This included
conducting hydrogen familiarity, safety, and firefighting training for YB personnel, local First Responders,
and other stakeholders in coordination with DOE’s Hydrogen Safety Panel.

1.4.4 Phase 4: Deployment of the Generator

The project team commissioned the prototype at YB and transitioned operational control to YB. Hands-

on operational and routine maintenance training was given to YB personnel. YB operated the prototype
for ten months at the dock. Sandia and other stakeholders continued to provide technical support, and

collect and analyze data throughout the deployment

1.5 Content of the Report

This report captures the data collected during operation to assess the generator’s technical performance
and business value proposition and to provide critical lessons learned during all project phases for
follow-on deployment and commercialization efforts.

The report is divided into seven chapters. Chapter 2 describes the background and rationale for the
deployment. Chapter 3 describes the design and operational and safety features of the generator and
Chapter 4 discusses the regulations, safety considerations, and procedures for operating the generator
at the host site. Chapter 5 discusses the technical performance of the generator during the deployment
while Chapter 6 presents the economic evaluation. The report concludes with lessons learned and
recommendations in Chapter 7.
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2 Background

This chapter consists of two parts. The first part describes the need and opportunity for replacement of
diesel generators at ports for fuel use reduction and elimination of emissions. The second part
describes the existing operations at Young Brothers in Honolulu, HI and their suitability to be the initial
host for deployment of this technology in order to verify its characteristics in a port environment.

2.1 Fuel Cells as Diesel Generator Replacements at Ports

Fuel costs and emissions in maritime ports are an opportunity for transportation energy efficiency
improvement and emissions reduction efforts. For example, a 2004 study showed the Port of Los
Angeles had average daily emissions exceeding that of 500,000 vehicles.[1] Efforts have been underway
to reduce these emissions from all sources, but ocean-going vessels (OGVs), harbor craft, and cargo
handling equipment are still major contributors to air pollution in and around ports. Approximately one-
third to one-half of emissions attributed to OGVs comes from their auxiliary diesel engines which are run
while the vessels are at berth (docked) and require electrical power for refrigerated containers, lighting,
loading/discharging equipment, and other uses.[2] Diesel engine and fuel costs continue to rise as
emissions limits are imposed, making diesel-based power generation on the vessel and on shore more
expensive for fleets.[3]

Hydrogen fuel cells have a long track record of supplying efficient, clean power for a wide range of
applications, including forklifts, emergency backup systems, and vehicles. They have the potential to
meet the electrical demands of vessels in the port as well as supply power for other port uses such as
yard trucks, forklifts and other material handling specialty equipment, and refrigerated containers.
Hydrogen fuel cells produce zero pollutant emissions and no greenhouse gases at the point of use and
can reduce the overall amount of diesel or other maritime fuel used. Therefore a hydrogen
infrastructure system established at a port can meet most if not all port operational requirements while
at the same time also meeting emerging environmental requirements. Although fuel cells have been
used in many successful applications, they have not been technically or commercially validated in the
port environment.

A 2013 Sandia National Laboratories’ report, “Vessel Cold-lIroning Using a Barge Mounted PEM Fuel Cell:
Project Scoping and Feasibility,” [3] identified several opportunities for demonstrating technical and
commercial viability of a fuel cell in the maritime environment. One opportunity identified was in
Honolulu Harbor at the Young Brothers Ltd. (YB) wharf. At this facility barges sail regularly to and from
neighbor islands and containerized diesel generators provide power for the reefer containers while on
the dock and on the barge during transport. The company is strongly interested in reducing its cost of
fuel and a containerized hydrogen fuel cell power generator capable of replacing current diesel
generators has the potential to be a viable solution.

Using hydrogen fuel cells to replace diesel generators has been examined before. A 2012 Sandia report,
“Analysis of H2 Storage Needs for Early Market Non-Motive Fuel Cell Applications,” [4] identified
portable diesel generators in the 15 kW to 150 kW range to be an attractive potential replacement
application for hydrogen fuel cells. The market potential for this product is illustrated in data from 2008
presented in Figure 1, showing that this power segment is the largest market above 10 kW.

25



80,000

70,000 68,600

60,000 -
©
S 50,000 -~
(7]
=
5
w 40,000 -
[=]
] 34,002
2
£

30,000 -~
z 25,572

23,466
20,000 -~
10,000 - 8,707 7 419
’ 1,653 .
232
0 =T T T T T T - T - T T 1
10-15 15-30 30-50 50-150 150-250  250-500  500-750 750-1,000 1,000-2,0002,000-6,000

Generator Power Level (kW)

Figure 1: North American generator sales in 2008, by power level. Generators below 10 kW are excluded since they are
primarily gasoline-powered. Many 10-15 kW generators are also gasoline powered. Data from Power Systems Research OE
Link database available at: www.powersys.com/oe-link.

Feedback from stakeholders during development of this 2012 study revealed that generators are
frequently operated at part load. Generator sizes are specified by the end user based on a maximum
possible power need based on maximum attached circuit ratings. This sets the 100% load point, and is
rarely encountered in practice for any appreciable length of time. Operation at part load results in many
issues for diesel generators. In addition to increased specific fuel consumption (lower efficiency) and
increased pollutant emissions, operating a diesel genset at part load has the following maintenance
issues [5]:

e Hydrocarbon build-up
e Rings sticking
e Glazed piston and cylinder walls

o “Slobbering” or “wet-stacking” (appearance of oil droplets in exhaust)
e Burning oil

Each of these issues increases maintenance frequency and cost, reduces time between overhauls, and
shortens engine life.

26


www.powersys.com/oe-link

60

] PEM Fuel Cell

50 / T~

30

Diesel Engine

Efficiency (% LHV)

20

10

O T T T T T T T T T T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 920 100

% of Rated Power

Figure 2: Comparison of efficiency characteristics of hydrogen fuel cells and diesel generators. Hydrogen fuel cell data from
manufacturer supplied information for a Hydrogenics HD30 PEM system. Diesel generator data from manufacturer-supplied
information for a Perkins 2206D-E13TAG2 (60 Hz) 320 kW and a Cummins Model DFEH Genset, 60 Hz, 350 kW generator,
averaged.

Figure 2 illustrates the inherent difference in efficiency characteristics between a diesel generator and a
hydrogen fuel cell. It can be seen that fuel cell efficiency increases as load is reduced from 100%,
reaching a peak near 25% load. By contrast, diesel engine efficiency continually decreases from 100%
load through all part loads.

Low efficiency at part load causes the engines to burn more fuel for the same amount of power. Figure
3 illustrates this by showing the amount of fuel burned per kWhr of energy produced for both diesel
engines and fuel cells. It can be seen that the fuel burn of a diesel generator increases as load is
reduced, while that for a fuel cell remains relatively constant.

Part load behavior also has an adverse effect on air emissions. Figure 4 shows air emissions for the
same diesel generators operated at part load. In all cases, the air emission per kWhr of energy produced
becomes worse as load is reduced from its maximum.
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The cost of generating power with diesel engines has increased over the last 20 years due to continual
tightening of criteria pollutant air emission regulations for diesel engines and stricter fuel cleanliness
requirements imposed on diesel fuel. The first emissions standard, Tier 1, was phased in between 1996
and 2000, followed by Tiers 2 and 3 from 2000-2008. The current emissions standard is Tier 4, which
was phased in between 2008-2015. Each of the Tier 1-3 steps required modifications to the engine,
while Tier 4 requirements can only be met with aftertreatment systems. While EPA estimated a capital
cost increase of 1%-3% per engine for meeting the Tiers 2-3 steps and another 1%-3% for meeting the
Tier 4 requirement, anecdotal information from manufacturers and customers of diesel engines and
equipment show an incremental cost increase of 20%-30% for the transition from Tier 3 to Tier 4, with
an accompanying loss of performance and higher maintenance requirements.

There is no reason to expect a change in the trend of increasing criteria pollutant air emission
regulations. These requirements on the engines and fuels will be compounded by expected carbon
regulations aimed at reducing greenhouse gas emissions at the same time. Hydrogen fuel cells
inherently meet all of these regulations due to their zero emission nature. As the cost of diesel power
generation is expected to continue to increase due to regulation, the opportunity increases for hydrogen
fuel cells to achieve market penetration into these segments.

In summary, replacing diesel generators used primarily at part load with hydrogen fuel cells in a port
environment appears to be technically viable while resulting in lower emissions and lower fuel
consumption. In addition, there may also be market potential for fuel cell generators in the sizes
typically used at ports now and in the future as the cost of diesel power generation increases. For these
reasons, there is a need for deployment of a fuel cell replacement for a diesel generator in a port
environment to determine the technical and regulatory viability and the commercial value proposition.

2.2 Young Brothers as Initial Deployment Partner

Young Brothers provides water transport of goods between their facility at Piers 39/40 in Honolulu
(Figure 5) and ports on the Hawaiian neighbor islands by barge (Figure 6). YB transports perishable and
heat-sensitive items in refrigerated containers (“reefers”) which do not have built-in power generators.
Instead, while on the dock and on the barge, they plug in to dedicated diesel generators mounted inside
mobile 20-foot containers (Figure 7 and Figure 8). Sometimes while on the dock they also plug into the
electrical grid where outlets are available.
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Figure 5: Satellite image of Young Brothers facility in Honolulu.

Figure 6: Young Brothers barge being towed through Honolulu Harbor.
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Figure 7: Diesel generator (blue) powering reefers (white) on the dock at Young Brothers’ Honolulu facility.

Figure 8: Loaded Young Brothers barge, showing location of diesel generators (yellow stars) and reefers (red triangles).
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Observation of YB operations found that although their generators have capability for 30 or more
reefers, YB typically only uses each generator for 20 or less reefers. This is because longer cords are
required to serve more reefers and the line losses become too large, as well as stacking more than 20
reefers around a single generator becomes logistically challenging. This means that the diesel
generators are always operating at part load, and usually no higher than 67%. This is the situation on the
dock and on voyages which depart from Honolulu.

The situation on voyages inbound to Honolulu is worse. On these trips, there is usually very little
refrigerated cargo. At times the generator may be powering less than five reefers, i.e., operating at less
than 20% or even 10% load.

As described in Section 2.1, prolonged part load operation of diesel engines causes maintenance issues,
reduces engine life, increases air pollution, and increases fuel consumption. Because fuel cells do not
experience these issues, YB became interested in seeing if replacing diesel generators with hydrogen
fuel cells could result in ultimate cost savings for their business. An analysis was performed that looked
at the fuel cost for six 300 kW generators used to power reefers assuming 1/3 of the time it was
operated at each of 33% load, 50% load, and 67% load, using various costs of diesel and hydrogen fuel,
and the efficiencies in Figure 2. The results are shown in Figure 9 and reveal that a fuel cost savings can
be realized if hydrogen can be obtained for $5/kg or less while diesel costs $S4/gallon or more. In the
present day, diesel fuel costs are $2.30/gallon, which results in the need for hydrogen to be
approximately $3/kg to be cost effective, but the cost of diesel is expected to double in 10 years,
reaching $4.69 by 2027 [6]. (If part load behavior is more severe than estimated, the effect on this chart
will be to increase the diesel fuel cost while the hydrogen cost would remain nearly constant.)

Based on the potential emissions reduction and fuel cost savings for the operator, Young Brothers
agreed to host a six-month deployment of the first containerized hydrogen fuel cell generator made for
maritime applications.
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Figure 9: Yearly cost of fuel for running six 300 kW generators in a typical load profile at Young Brothers (33% of the time at
33% load, 33% of the time at 50% load, and 33% of the time at 67% load).
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3 Design, Build, and Commissioning
This chapter describes the generator’s specifications, design and build process, operating method, and
safety features.

3.1 Specifications

The generator specifications were collaboratively determined by the project stakeholders based
primarily on two factors: (1) smooth integration into existing operations by being as similar as possible
to existing power solution and (2) capabilities of existing hydrogen and fuel cell technologies.

3.1.1 Size and Weight
e 20-foot ISO container basis: 19’ 10%” long x 8’ 0” wide by 8’ 6” tall.
0 High-cube version if possible.
O 40-foot container is acceptable but not preferred. Will make a final decision during
design phase when an assessment of hydrogen storage trade-offs can be made.
e 81,000 Ib max gross weight (90% of 90,000 Ib (top pick capacity))
e Hydrogen storage section to be an integral part of the overall structure (not removable).

3.1.2 Performance

e >100 kW continuous power at the plugs

e 240 VAC, 3-phase, Wye configuration

e Ten to twelve 30 Amp plugs

e Capable of operating 10-12 hrs/day on the pier and 28 hr on a barge

e 60-90 kg of hydrogen when stored at 5,000 psi
O Full power H2 consumption is 8-9 kg/hr = 10 hrs continuous operation if 90 kg stored.
0 Likely will run at partial power during this time as not all reefer units will be requiring

full power at all times, so 10-12 hr daily run time is reasonable.

0 To achieve 28 hr, need to average no more than about 35%-40% power during the trip.

e Hybrid battery or capacitor system to handle inrush current (specification determined by reefer

power monitoring).

While PEM fuel cells can quickly respond to changes in electricity demand, typical fuel cell power
systems use energy storage devices such as capacitors or batteries to ensure the ability of the system to
meet electrical load demand changes in the millisecond regime. Determining which energy storage
device to use and its size must come from information about the load demand profile. The project team
monitored the power consumption of the reefers at YB over a period of two months and found that the
reefers have a large number of very short transients during operation (see Figure 10). Using this
information the design team at Hydrogenics chose ultracapacitors as the best energy storage device and
sized them to handle the short term power spikes appropriately.
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Figure 10: Example of power monitoring data for existing reefers at Young Brothers, used to design the system to meet
required electrical load changes. This data shows numerous short-term (< 0.5 s), high-power (4-7 times the average)
transients over the course of operation of a 40-foot Carrier Transicold reefer operating at 230 V.

3.1.3 Environmental Conditions
e Ambient temperature +2 to +40 °C
e Tolerate rain, wave wash, salt water intrusion, spray
e Tolerate short-duration (10-20 sec period) side-to-side movement in 18-20’ seas.
e Moved around as ordinary container, not operating when moved.
e  Fuel cell containing portion in NEMA 3R equivalent enclosure, hydrogen storage portion open to
the environment but structurally protected from accidental impact with other machinery.

3.1.4 Codes and Standards
e NRTLinspected (built to applicable requirements).
e USCG and ABS approved for pier-side and barge operation.
e Hydrogen Safety Panel review.
e Local AHJ approval for operation as necessary.

3.2 Design and Build Process

Hydrogenics began designing the generator in early 2014 using the specifications determined above.

In May 2014 a design review meeting was held at the Hydrogenics manufacturing facility in Mississauga,
Ontario, and attended by Hydrogenics, ABS, USCG, Sandia, the Hydrogen Safety Panel, YB, Foss, DOE,
and MARAD (Figure 11). The design review focused on two aspects: (1) ensuring safe operation and (2)
ensuring usability by the end user and identified several areas needing modification or clarification:

Items Needing Modification

e Addition of appropriate louvers and salt/fog filters for maritime/waves
e Indicator light to be in accordance with end-user specs
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Items Needing Clarification

e Finalize the valve arrangements on tank manifolds. If transported over the road, what will be
required?

e When and where will relief valves vent to, and how will the operator know if the relief valve is
open?

e What are the hazardous areas and applicable codes from both land-side and maritime use?

e What are the failure modes for capacitors?

e What s the refueling strategy?

e What s the type of storage tank?

e What kind of damage typically occurs to existing diesel generators ?

e What Nationally Recognized Testing Laboratories (NRTLs) will be used and which codes will they
certify to?

o Check whether proposed IEC code for shock and vibration design is consistent with existing
maritime code

e Obtain additional reefer run electrical data to ensure appropriate ultracapacitor design

e Check materials compatibility for SS316L in marine environment — chloride stress corrosion

e More detailed P&IDs

Figure 11: May, 2014 Design Review meeting at Hydrogenics.
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In parallel with the design and build efforts, the team achieved resolution on the regulatory
requirements. ABS indicated early-on that they would not classify the generator because it is not
related to ABS’ classed vessel system, but they could classify the container itself if desired by the project
team. YB agreed that classification of the container itself is not necessary, but the project team
continued to involve ABS review of the design to ensure it meets maritime design standards. At the
same time, the project team submitted design documents, largely focused on applicable codes and
standards, to USCG to review for approval of over-water operation. The USCG issued a design basis
letter in September 2014 stating “general acceptance of the design concept for this particular fuel cell
installation” (full letter reproduced in Appendix B).

The Hydrogen Safety Panel’s (HSP) involvement in the project as another independent safety advisor
dramatically helped in achieving these decisions by the regulators and agreement by the project team.
More details on the safety assessment by the HSP and resulting design features of the generator are
described in Section 3.4.

The regulatory and safety approvals allowed Hydrogenics to complete detailed design work including air
filtration and design for wave splash, appropriate tubing materials, and tank manifolding and control,
and they began procuring major components (inverter, hydrogen tanks, etc.). Shock and vibration were
assessed by outfitting existing diesel generators at YB with shock monitoring devices. Typical shock was
measured less than 2G with only one occurrence between 4G-6G over several months of monitoring.
Based on this information, Hydrogenics designed the system to withstand 6G shock loads. The
generator incorporates shock monitoring and if a shock greater than 6G is recorded it must be taken out
of service and evaluated for damage.

Building of the generator followed two parallel paths: the assembly and testing of individual
components and systems, and modification of the container (see Figure 12).

B
i

Figure 12: Build progress of subsystems and the container: (1) Fuel cell power module, (2) User interface, (3) Ultracapactitor
testing, (4) Custom inverter, (5) Container modification. Photos courtesy of Hydrogenics, used with permission.
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Key build milestones included:

e Successful completion of hydrogen storage tank factory certification testing and delivery

e Successful completion of inverter factory testing

e Completion of draft failure mode effects analysis (FMEA), and used it to identify and resolve
potential operational handling issues.

e Designed and built hydrogen storage rack and ruggedized fuel cell rack

e Completed fuel cell module assembly

e Finalized procurement for container

e Finalized failure mode effects analysis (FMEA)

e Built and commissioned all four 30 kW fuel cell modules.

e Released detailed container design drawings to subcontractor

e Completed container modifications

e Completed electrical system testing: fuel cell rack + inverter + ultracapacitor

Factory Acceptance Testing was conducted in June, 2015 in two trials. In the first trial, a failed circuit
board in the inverter caused the inverter to malfunction, preventing extended run times at moderate
loads, and an inverter software bug caused the unit to fail to start up frequently. The inverter
manufacturer replaced the defective circuit board and software, and the generator passed the Factory
Acceptance Test in late June.

3.3 System Overview

The Maritime Fuel Cell Generator, HyPM-R100kW, is designed and manufactured by Hydrogenics Corp.
The system produces up to 100kW of stand-alone, non grid-tied power for marine applications. The
generator comprises of a fuel cell power rack, a hydrogen storage system, power-conditioning
equipment, controls and monitoring system, and a cooling system built into a standard 20 feet shipping
container. Figure 13 shows a schematic of the unit.
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Figure 14: The fuel cell generator in its final form. The design has been independently reviewed by the US Coast Guard, the
American Bureau of Shipping, and the Hydrogen Safety Panel.
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The Fuel Cell Generator is divided into two rooms by a dividing wall: a hydrogen storage room and a
generator room. The hydrogen storage room houses 15 composite Type Il cylinders that contains up to
a total of 75 kg of hydrogen fuel capacity. This room contains other equipment including hydrogen
regulators, relief valves, and pressure sensors that monitor hydrogen level safety and decrease
hydrogen pressure from a stored pressure of 5000 psi to 100 psi prior to entering the generator room.
The hydrogen storage room features a sloped roof design to leverage natural convection for ventilation
of hydrogen in the event of a hydrogen leak. Eight additional radiators are mounted below the vent of
the storage room and rejects 30kW of heat. The radiator bank consists of 16 fans with a flow rate of 200
to over 1000 cubic feet per minute for cooling purposes.

The generator room houses the fuel cell stack and associated electronics for power production and
conditioning. The fuel cell power rack is made up of four 30kW Proton-Exchange Membrane (PEM) fuel
cell modules. The room also contains an ultra-capacitor system to meet transient load demands. An
inverter converts the DC power produced from the fuel cell and the ultra-capacitor to AC power. Other
equipment include a 24V lead-acid (VRLA) battery system for startup, a forced-convection system for air
exchange/ventilation purposes, a coolant pump to move the system coolant through the heat exchanger
and fuel cell stack, and a control panel to house all the systems controls and monitoring equipment. The
room is further equipped with two hydrogen detectors and one smoke detector that are linked to the
safety alarm system in the event of a smoke or hydrogen gas detection.

The controls and monitoring system consists of an overall system controller (OSC) to 1) monitor the
status of the safety system, including hydrogen and smoke detectors and other components such as the
radiators, fans, pumps, valves, etc.; 2) provide controls for solenoid valves, fans, ultra-capacitor voltages;
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Storage: 0.12 kWh |

/ | — | za0v,.
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Figure 15. Simplified system process diagram (reproduced from Hydrogenics Corp. with permission from Ref. [7])
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and 3) providing communication between the fuel cell power rack and the inverter (the amount of
power that the stack is supplying to the inverter). Additionally, the OSC also outputs the main control
messages of the system (i.e. Running, Standby or Idle). The Fuel Cell Power Rack (FCPR) controller
manages all safety features of the unit. The system is equipped with transmitting equipment (wireless
modem and 3G antenna) for data logging and acquisition. Figure 15 shows a simplified diagram of the
system process.

3.4 Safety Design Aspects and Reviews

This project used a combination of Failure Modes and Effects Analysis (FMEA) and Quantitative Risk
Analysis (QRA) to identify and characterize the risks associated with the prototype fuel cell generator.
Hydrogenics led the FMEA portion, which addresses the design and operation of the prototype. Sandia
led the QRA analysis, which addresses the use of the prototype within the specific context of the Young
Brothers facility.

3.4.1 Design Evaluation

The design of the prototype was examined in two ways. First, the US Coast Guard, the American Bureau
of Shipping, and the Hydrogen Safety Panel conducted independent reviews of the design. The
Hydrogen Safety Panel determined that the project team “appears to have done a credible job
addressing the Panel’s comments (apart from those issues still be worked by the project).”[8] The full
text of the Hydrogen Safety Panel’s comments with the resolution proposed by the project team is given
in Appendix A. The US Coast Guard accepted the design concept in a letter to the project lead (in
Appendix B). The American Bureau of Shipping did not have any unresolved comments on the design.

Second, Hydrogenics developed the FMEA for the prototype. The significant accident scenarios
identified through the FMEA are:

e Highest consequence (the failure mode with the potential to result in the worst consequence):
Catastrophic failure of the hydrogen storage system if relief valve PRV-02 fails in the closed
position.

0 This hazard is mitigated through the use of redundant pressure relief valves on the
hydrogen storage tanks.

e Highest frequency (the failure mode most likely to occur): Damage to the container floor and
slip/trip hazard to personnel if water enters the hydrogen storage room.

0 This hazard is mitigated through use of splash guards, isolation of electrical connections,
greasing of mounting points, detection of coolant leaks, periodic inspection of the floor,
and use of anti-slip footwear during service.

e Highest combination (Risk Priority Number): Puncture of hydrogen tank by a fork from forklift
when attempting to handle the prototype leading to uncontrolled discharge and ignition of high
pressure hydrogen in the direct vicinity of personnel.

0 It was determined through conversations with the end-user (Young Brothers) that this
kind of damage rarely occurs, and if it does, it’s in the vicinity of the fork pockets at the
bottom of the container as the forklift operator misjudges their location. This failure
mode is mitigated by attaching the prototype to a platform and welding the normal fork
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pockets closed. When the prototype is moved, the fork pockets on the platform will be
used, thus increasing the distance from the new fork pocket to the container by
approximately 12”. Additionally, the standard container will also be reinforced near the
fork pockets with a %4” steel plate to further reduce the possibility of an accidental fork
puncture.

Other notable failure modes from the prototype’s FMEA:

e Leaking hydrogen piping and fittings (multiple scenarios) leading to build-up of a flammable
mixture within or around the container.

0 This failure mode is mitigated through the use of pressure sensors in the hydrogen
piping, hydrogen detectors on the ceiling (one in the hydrogen storage compartment
and two in the generator room), the storage room being open to the atmosphere on
two sides, the smooth, sloped roof in the generator room to dissipate hydrogen gas to
the outside, automatic leak checks on startup and shutdown, minimization of high
pressure hydrogen piping, visual shock detection (requiring system check-out before use
if shock detected above the design threshold), ventilation in the generator room prior to
startup, and a flow-restricting orifice in fuel cell supply piping. The visual shock
detection is a key mitigating factor in determining when or if the mechanical shocks
associated with the nature of material handling could negatively affect the hydrogen
system and the potential for a hydrogen leak.

e Damaged hydrogen tanks due to impact during handling leading to possible high pressure leak.

0 This failure mode is mitigated through procedures which specify the unit shall be taken
out of service if it is damaged during handling, which includes denting the walls or
dropping it. The unit will then be assessed for any internal damage before placed back
into service.

3.4.2 Built-in Mitigation Features of the Generator
As noted above, review by the Hydrogen Safety Panel identified potential improvements in the
generator design. These are described in Appendix A.

In addition, the Hydrogenics FMEA results were used to incorporate additional safety features
(“engineering controls”) into the final design. The main design principles behind these features are:

Not allowing accumulation of a hazardous amount of hydrogen.
Minimizing stored energy and, when necessary, ensuring releases during normal or emergency
operations are non-hazardous.

3. Preventing damage by external events.

A summary of all of the generator’s safety features are listed below (with the corresponding design
principle(s) referenced above in parenthesis).

e Redundant hydrogen detectors and smoke detectors shut down the entire system and sound a
loud audible alarm if a leak or fire is detected. (1)
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e Multiple automated hydrogen leak checks which must be passed every time the generator is
started, with automatic shutdown (and alarm when necessary) if leaks are detected. (1)

e Hydrogen and smoke detectors can be left on even when the generator is not running. (1)

e Constant forced-air ventilation throughout the generator room with automatic shutdown in
case of ventilation failure. (1)

e Automated hydrogen tank valves require power to open and power circuit is hard-wired to
emergency stop circuit. Any power failure or emergency stop condition (initiated by the
operator or by automatic checks) causes these valves to immediately close. (1)

e Two open sides and a roof slanted to an end-opening in the hydrogen storage area allow for
constant passive ventilation and dissipation of any leaks upward. (1,2)

e Fire-wall separation of the high pressure hydrogen storage from the electrical systems in the
generator room. (1, 2)

e Five fail-closed valves must be open before hydrogen can reach the fuel cell. (1,2)

e Flow-restricting orifice reduces hydrogen leakage in case of pipe breakage. (1,3)

e Minimized high pressure hydrogen piping, including zero high pressure piping in the generator
room. (2)

e Redundant pressure safety devices prevent high pressure from reaching the low pressure piping
or the generator room. (2)

e Each hydrogen tank is equipped with two pressure relief devices that open to relieve pressure if
a fire is detected, eliminating possibility of tank explosion. (2)

e Electrical ultracapacitor is automatically discharged whenever the unit is turned off. (2)

e High pressure hydrogen releases (due to emergency condition or component failure) are
directed upward and away from personnel. (2)

e The only operator interface is on the end of the container opposite the hydrogen storage area.
(2)

e The tanks used to store hydrogen are the same used around the world in hydrogen fuel cell cars
and buses and built to standards ensuring integrity if impacted. (3)

e Reinforced sides near the fork pockets reduce the chance of a forklift inadvertently piercing the
container wall. (3)

e The container’s own fork pockets have been welded closed and the container must be mounted
on a platform or handled with a top-pick, further reducing the chance of inadvertent damage by
forklift handling (3)

3.5 On-site Commissioning

The generator arrived at Young Brothers’ Honolulu facility on July 24, 2015. On-site commissioning went
from August 3-12 according to the schedule described in Table 1. Hands-on Operational Training was
also given during this time, which is described more in Section 4.3.1.3. The commissioning process
identified several issues, most of which were fixed during commissioning and a few others at a later
time. These are divided into three categories and described below.
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Table 1: Summary of On-site Commissioning Tasks

Day

Commissioning Tasks

Training

Aug. 3

1.

uoe

Mechanical Verification: (Visual Inspection of all major systems
including the container as indicated in section 5 of the
operations manual)

Electrical Verification: (24V and sensor checks, all 24V
components power on)

Cooling system top up: Propylene-Glycol loop.

Cooling system top up: DI water loop.

Get system ready for transport to be refueled at Hickam:
Unscrew Lockouts on tanks, Pull Modem from system so that
setup can be worked on outside system.

Aug. 4

L N

11.
12.

Transport system to Hickam for Hydrogen refueling
Hydrogen Leak check system while refueling.

Modem setup external to system. (ongoing during week)
Transport system back to YB for operation with Reefers

. Positioning of reefers for use with unit (Can be done while unit

is out for refueling if possible).
Initial runs of system with reefer loads
Slowly work way up to maximum number of reefers

Aug. 5

13.
14.

System testing with reefer loads.
Touch up any external damage to container.

Detailed training

Aug. 6

15.
16.
17.

System testing with reefer loads.

Install Corrosion resistant pipe clamps

Install Shock Monitors (while pipe clamps are being installed,
shock monitors to be installed by YB/Sandia)

Aug.7

18.
19.

Electrical hardware/software fixes
Added internal cooling fans

Overview training
Detailed training

Aug. 8

20.
21.

Testing with reefers
Unit to Hickam for refueling

Aug. 10

22.
23.
24.

Paint roof white
Configure interior airflow and ventilation for better cooling
Testing with reefers (up to 10)

Aug. 11

25.

Testing with reefers

Overview training
Detailed training

Aug. 12

26.
27.

Testing with reefers
Turnover to YB

3.5.1 Hardware Issues
Exhaust air from FC gets sucked into air inlet. This worsens the room temperature problem.

1.

Rotated exhaust louver 90 deg. clockwise to direct the flow away from the air inlet and added a
drain because it will allow rain water to enter in this configuration. This also helps alleviate the
problem of water dripping from FC exhaust down the doorway which may be a corrosion issue.

Room temperature is high, reaches 50 C (122 F) at times (see Figure 16). White/shade has an

obvious effect. Painted the roof white, added a fan inside of the air intake filter to boost airflow
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3.5.2

Side, in the sun, Side, in the sun,
Side, in the shade white lettering  blue paint exterior Roof, in the sun

White (lettering)is 7 F cooler than blue (paint). Shade is almost 20 F cooler
than sun (on the side). Roofin the sunis 8 F warmer than the sunny side.
—>Painting the roof white should have a noticeable effect on temperature.

Figure 16: Thermal measurements of the wall temperature at various points in the fuel cell room.

into the unit, and added a fan on top of the inverter directing flow at the fuel cell rack. Assessed
operating temperature specifications of each component inside the room to determine
acceptability at 50 C ambient, or replacement.

DI water use is high. Caused by higher than expected evaporation through the vent in the tank
due to the high box temperature. Changed the reservoir to a pressurized system. Mandated
daily DI water checks.

Smoke detector alarm tripped during hydrogen detection mode, but no smoke or fire observed,
and no traces of smoke or fire when the box was inspected. Determined that smoke detector
malfunctioned due to continued operation higher than its specified temperature range.
Replaced with a device with appropriate maximum operating temperature range.

Washing the hydrogen storage room piping with high pressure water may intrude on electrical
contacts. Greased all electrical connections to avoid potential water intrusion during wash.
Revised the coolant fill method to make it easier to replenish the glycol without introducing air
into the system.

Changed 24 V circuitry to accommodate additional power required by fans.

Removed a damaged diode in the battery charging circuit. If the battery needs to be recharged,
if the charger is hooked up in reverse it will damage the charger (no different than any
automotive battery).

Software Issues

During fill some of the integrated tank fill valves seemed to require more than 30 psi to open, up
to 250 psi in one case. This high opening pressure resulted in tank temperature swings in the
tanks during fill higher than the fault condition. If the fault is not cleared within 10 minutes the
system will time out. Increased the fault threshold.

During fill the pressure at the top right corner and bottom left corner were seeing large
differentials at the beginning of fill, up to 200 psi. The high differential caused a fault.
Increased alarm setpoint to 250 psi

During fill the pressure can quickly rise, sometimes nearly instantaneous when the fueling
begins after a pause. The pressure rise fault will cause the unit to shut down at 10 min.
Increased the fault setpoint.
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3.5.3

Unresolved: Email notification not working. Problem traced to Verizon not allowing the OSC to
communicate with Yahoo or other email service to send the email, likely due to a policy that
helps prevent spam emails. Setup dedicated notification computer at Hydrogenics.

Water build-up in FC exhaust drain reservoir often reaching high limit switch, likely because of
the gravity-drain nature of this system. This causes the unit to fault at the current time limit of
the alarm. Changed time limit within the rack from 30 s to 10 min.

Coolant pressure drops during long run. At start is about 45+ psi. After long run has decreased
to ~35 psi. Further analysis reveals this is not a problem.

Inverter high power (7+ reefers) with inductive load was not regulating ultracaps voltage
correctly. Software update from inverter manufacturer for better control by the inverter.

Procedural Issues

Not clear to operator when to refuel. Marked tank pressure gauge Full, %, %, %, and Empty and
generated a cheat sheet which relates pressure to remaining run time and number of reefers.
Operator needs larger, lower, more permanent operating instructions posted. Printed a decal
and posted between the operating panel and plugs.

Warm reefers take more continuous power than average during initial cooldown, may not be
able to plug in 10 warm reefers all at once. Because this is a total power issue, it is not fixable.
Developed a procedure for operating the unit in this situation, e.g., stage warm-box reefer
loading.

Noise from rad fans is high. Posted hearing protection signage.

The controls (including E-stop) are not reachable when the unit is being refueled except by
climbing on the truck or a ladder. Since E-stop has little effect while being refueled (and in H2
Detect mode), the station emergency procedure is adopted during refueling.
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4 Deployment Preparations
This chapter describes the necessary preparations for deployment of the hydrogen fuel cell generator at

the Young Brothers facility. It contains a description of the applicable regulations, site-specific

operational safety assessment, employee training, safety reviews and procedures, and emergency

response procedures. It also includes operational instructions and procedures for operation and fueling.

4.1 Regulations
As the operator, Young Brothers needed to ensure that the generator would be deployed in a safe

manner. Acceptance of the safety of technology is typically accomplished by adherence of the design

and operation to applicable codes, regulations, standards, rules, or guidelines. To accomplish this,

Table 2: Summary of regulations, codes, rules, and guidelines examined for applicability to the deployment of the fuel cell
generator at Young Brothers dock and on its flat-top, unmanned barges.

Organization

Application

Applicable?

DNV

Germanischer
Lloyd

Bureau Veritas

National Fire
Protection
Association

US DOT -
Federal Motor
Carrier Safety
Administration
US DOT -
Pipeline and
Hazardous
Materials
Safety
Administration

Rules for classification of
Ships/High Speed, Light
Craft and Naval Surface
Craft; Part 6, Chapter 23:
Fuel Cell Installations
Rules for Classification
and Construction — VI.3.11
Guidelines for the Use of
Fuel Cell Systems on
Board of Ships and Boats
Guidelines for Fuel Cell
Systems Onboard
Commercial Ships
(Guidance Note NI 547 DR
ROO E)

NFPA-2: Hydrogen
Technologies

Code

Guidelines for use of
Hydrogen Fuel in
Commercial Vehicles —
Final Report

CFR 49 Sections 100-185

2011

2003

2009

2011

2007

2014
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Rule

Guideline

Guideline

Code

Guideline

Regulation

Permanent
installation
providing power
to on-board
manned vessels
Permanent
installation
providing power
to on-board
manned vessels
Permanent
installation on-
board new
manned vessels

Land based
stationary
hydrogen
systems

Installed on-
board vehicles
over public
roads
Hydrogen
carried as cargo

No

No

No

Only to the
fueling
operation, not
to the
generator’s
design or use
Only during
transport over
public roads,
not during use
No



existing documentation that has topical relevance to deployment of a hydrogen fuel cell generator in a
Port environment and on-board the Young Brothers barges was examined. The results are summarized
in Table 2. As can be seen in the last column, none of these documents are applicable the design or
operation of the generator in this situation.

In order to provide some basis for safe operation, the project team decided as a first step to construct a
theoretical approach based on the prescriptive requirements of these documents, despite their
inapplicability. The main focus of the investigation was the setback distances for personnel, equipment,
and operations to ensure the safety of personnel in all states of generator operation — normal or
abnormal. The end result of blindly applying these prescriptive requirements is shown in the setback
distance maps of Figure 17 and Figure 18. These figures have significant, confusing, and ultimately
unworkable setback distance requirements for deployment of the generator in the busy port
environment at Young Brothers. Based on this feedback, the project team decided to abandon this
approach and use an informed, risk-based approach to determine the setback distances. While more
labor intensive, the risk-based approach ensures the most appropriate application of safety
requirements on the generator’s operation. It is described in the next section.

Plan view — setback areas ]

No sources of ignition within the orange zones:
* Smoking

* Open flames 30’
* Welding

* Unclassified electrical equipment
Nothing in the red zone

Gy o

No tall sources

of ignition in
30’ this area — see

Elevation view

30

Figure 17: Plan view of the un-workable, theoretical setback distances derived from applying prescriptive requirements in
topically-related but inapplicable codes, rules, and recommendations as summarized in Table 2.
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5’ 30

Elevation view — setback areas

No sources of ignition within the orange zones:
* Smoking

* Open flames

* Welding

* Unclassified electrical equipment
Nothing in the red zone

30

Ground or barge deck

Figure 18: Elevation view of the un-workable, theoretical setback distances derived from applying prescriptive requirements
in topically-related but inapplicable codes, rules, and recommendations as summarized in Table 2.

4.2 Site-Specific Safety Analysis

In addition to hazards presented within the prototype generator (described in Section 3.4), the normal
operation and failures must be assessed in the context of the operations at Young Brothers facilities.
For example, hydrogen leaking or venting out of the prototype will not present a hazard by itself, but if
the prototype is near an ignition source then the combination could be hazardous. Therefore the
project team performed a site-specific hazard analysis that consists of four parts:

Site survey of the Young Brothers normal operations and planned use of the prototype
Assessment of the prototype’s FMEA and operation states to determine operating or emergency
scenarios most likely to present a hazard within the context of the Young Brothers operations.

3. Fluid dynamics simulations of hydrogen releases into the environment to assess the distribution
and extent of flammable hydrogen concentrations.

4. Quantitative Risk Assessment to quantify the risk to personnel associated with the hydrogen
system and a comparison to industry-standard risk numbers for comparative presentation to the
project team.

On different occasions, Hydrogenics’ project team members and a Sandia risk assessment expert visited
Young Brothers’ dockside and marine operations facilities to perform site surveys and characterize
current operational methods by observing day-to-day operations (on-dock, on-barge, and tug
operations) and meeting with Young Brothers’ safety and operations managers (Figure 19).
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Figure 19: On different occasions, Hydrogenics’ project manager Nader Zaag (left) and Sandia risk analysis expert Dr. Chris
LaFleur (right) observed Young Brothers’ operations first-hand to identify potential safety concerns.

4.2.1 Generator Design Recommendations
During the Hydrogenics site survey, the team identified two areas of potential concern:

1. Damage to the generator by forklift handling
2. Blockage of the generator’s ventilation systems by adjacent containers.

Figure 20 shows some damage observed on existing diesel generators. Damage can occur by impacting
the forklift’s load carriage or backrest extension, or by impacting the edge of an adjacent container
when lowered into place. Damage can also occur if an adjacent container being placed impacts the
generator. In subsequent discussions the damage was characterized by Young Brothers maintenance
personnel as:

The dents [shown in Figure 20] average 2” to 6” [deep]. Frequency would be for every 100 times
the container is handled 30 of those times will result in some form of damage. Fork damage is
usually in the lower portion of the sidewall and to the fork pockets and frames themselves.

In response to these observations, Hydrogenics revised the design to remove mounting of equipment
and piping on the side walls and to provide additional space between them and the wall. In addition,
two handling-specific safety features were added to the design: reinforcement around the fork pockets
and mounting the generator on a platform, which effectively increases the distance between the normal
location of the forklift fork and the prototype side wall.
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Figure 20: This existing diesel generator showed evidence of damage because of forklift mis-handling. Damage can occur by
impacting the forklift’s load carriage or backrest extension, or by impacting the edge of an adjacent container when lowered
into place. Damage can also occur if an adjacent container being placed impacts the generator.

Hydrogenics also observed that the shock a container experiences when handling seemed to be more of
an issue than the vibration. To help quantify this, Sandia and Young Brothers outfitted an existing diesel
generator with simple shock monitors and found that most shocks during normal use on the dock and
on the barge were under 2G, but there was one instance where the shock registered between 4G and
6G. Based on these observations, Hydrogenics ruggedized its hydrogen storage tank frame and its fuel
cell rack frame to withstand at least 6G shock. The prototype will be outfitted with shock monitors
during its on-site commissioning period and operating procedures will require inspection if shock
greater than 6G is indicated.

To understand what physical situation might lead to a shock greater than 6G, Sandia estimated the
shock loads that a container would experience if completely dropped, see Table 3. The table shows, for
example, that if the impact from a 1-foot drop is assumed to last for a duration of 0.5 seconds, the unit
will experience a 4.9 G shock.

Table 3: Shock (in G-loads) resulting from various drop scenarios

Impact ... DropHeight
duration 6 inches 1 foot 3 feet 6 feet 12 feet 20 feet
0.25s 6.9G 9.8G 17 G 24 G 34 G 44 G

0.5s 35G 49G 85G 12G 17 G 22G

1s 1.7G 24G 4.2G 6.0G 85G 11G

Red numbers indicate values higher than the 6G design.
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These design changes have mitigated the safety risks of forklift handling; however, Hydrogenics still
recommends handling the generator with a top-pick to reduce the chance of damage and resulting
downtime and repair cost.

The second potential concern raised during the Hydrogenics site visit is a blocked ventilation system by
stacking the generator directly adjacent to another container, a common practice with current diesel
generators when loaded on the barges (see Figure 21). This will prevent active ventilation of the
generator room and will also prevent air from reaching the fuel cell. The system will automatically shut-
down if either of these occur thus mitigating any safety hazard, but will result in loss of power to any
connected refrigerated containers. Hydrogenics’ specifications require two feet of separation between
the side of the generator with the vents and any adjacent container or structure during operation. To
assist handlers with identification of this need, the vents are identified with highly-visible, “safety
yellow” lettering (see Figure 22).

Figure 21: Typical placement configuration of existing diesel generators on the barges leave little or no room along the
container walls.
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Figure 22: Yellow markings above vents indicate openings not to be blocked.

4.2.2 Generator Usage Recommendations
During the Sandia risk assessment site survey, Young Brothers staff explained that the prototype will be
used in one of four operational states:

In idle storage on the pier away from normal activities.

B. Parked on the pier, in use or awaiting use, in areas of the pier where refrigerated containers are
staged prior to loading and after unloading.

C. Parked on the barge prior to sailing, underway and after reaching the destination pier.

D. Intransit between the parking areas, being maneuvered by the material handling fork trucks or
top picks.

Each of these states and locations was reviewed and compared to failure modes and hazard scenarios
identified in the FMEA to identify scenarios of concern that needed to be further characterized to
evaluate the risks. The results of the site-specific hazard analysis and review of the FMEA identified one
scenario for further analysis. This scenario was identified to be if a thermal or pressure relief valve fails
open, exhausting hydrogen out the relief vent lines as a jet into the atmosphere.

4.2.2.1 Hydrogen Release Characterization

This hydrogen release scenario described above has three possible outcomes: 1) the hydrogen release
does not encounter an ignition source, rises rapidly due to its inherent buoyancy and vents harmlessly
into the atmosphere, 2) the hydrogen release does not ignite immediately and builds up into a
combustible concentration due to a confinement of some sort and eventually meets an ignition source
resulting in an explosion, or 3) the hydrogen release ignites immediately due to friction/static discharge
or the pres